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Abstract 

TTie  magnetic  field  distribution  for  three  different  types  of  in-situ  corrosion  has  been 
measured  using  SQUID  magnetometry.  The  variations  of  the  magnetic  field  density  with 
time  differ  for  the  three  types  of  corrosion.  The  higher  the  corrosion  rate,  the  more  mtense 
is  the  magnetic  field.  The  SQUID  magnetometer  is  also  shoum  to  be  sensitive  to 
corrosion  activity  occurring  on  the  opposite  side  of  a  plate  specimen. 

1.  Introduction 

Over  the  last  few  decades,  there  have  been  many  attempts  to  measure  the 
corrosion  current  distribution  during  active  corrosion,  with  little  success.  Since  the 
net  anodic  current  is  equal  to  the  net  cathodic  current  in  active  corrosion,  any  non- 
local  measuring  methods  would  sense  a  net  current  approaching  zero.  By  using  a 
scanning  reference  electrode  (SRE)  technique'■^  there  has  been  some  success  m 
measuring  the  corrosion  potential  distribution  on  actively  corroding  samples. 
However,  such  results  do  not  give  directly  the  resulting  corrosion  current 
distribution,  since  many  factors  are  involved  in  the  interpretation  of  the  data,  not  all 
of  which  are  known. 

It  is  recognized  that  magnetic  fields  are  associated  with  current  flow.  Thus, 
the  corrosion  current  should  have  an  associated  magnetic  signature.  The 
detectability  of  the  magnetic  fields  depends  on  the  magnitude  and  the  spatial 
distribution  of  the  corrosion  current.  The  SQUID  magnetometer  enables  sensitive 


/ 


measurements  of  extremely  small  magnetic  fields  to  be  made  non-invasiyely  that  is, 
without  any  electrical  or  mechanical  connections  mtrudmg  on  the  s^ple.  It  offers 
Te”  of  monitoring  both  the  magnitude  and  the 

corrmion  current,  which  present  corrosion  methods  do  not  allow.  TOe  ability  ot  the 
ro  w^etometer  to  measure  magnetic  signals  due  to  electtochenucal  reaeuons 
Seen  pr^en  recently*-'"  The  Vanderbilt  Superconducting  Quantum  Interference 
Device  (SQUID)  magnetometer  system,  which  incorporates  a  icro 
mtSmeter' ',  a  magnetic  shield'^  a  scanning  stage'’,  and  a  computer  conttol  and 
daTaSon  system'*,  has  been  developed  and  used  for  the  detection  of  flaws  m 
t^^Lagnetic  conductors'*  '*,  and  for  the  detection  of  subsurface  flaws  ,  In  die 
nreferraiS  we  focus  on  the  application  of  SQUID  magnetometry  to  the 
Son  aSd  Upping  of  the  magnetic  field  distribution  on  active  m-situ  conodmg 
duminum  alloys  med  in  the  manufacture  of  aircraft.  The  anrdysis  of  *ese 
terms  of  the  corrosion  current  distribution  will  be  repotted  m  a  later  paper. 

2.  Experimental 

Three  types  of  active  corrosion  were  studied:  pitting  corrosion, 

pitting/intergranular  corrosion,  and  “uniform”  corrosion.  5™\aa  wi^ 

Udeled  using  1  5  mm  thick  7075  aluminum  alloy  m  solutions  of  3.5/.  NaU 
differing  Cu"  concentrations.  Pitting/intergranular  corrosion  was  rnodeled  using 
t  fmm "thick  2024  aluminum  alloy  in  solutions  of  3.5%  NaC  ^u 

concentrations.  "Uniform"  corrosion  was  modeled  usmg  1.5  mm  took  2024 
alloy  ui  a  solution  of  2  ml  58%  HF,  3  ml  71%  HNO„  5  ml  36.5  /,  HCl, 

and  590  ml  H2O. 

The  physical  details  .  f  the  SQUID  tests  are  shown  in  ^ 

respectively.  For  tests  described  by  Figure  la,  the  sample  was  placed  m  *e 
roLicn  cell  with  the  solution  extending  to  2  mm  above  the  sample  sur^ac=^^= 
cZsion  cell  was  covered  by  a  transparent  film  which  served  to  pro  ect  the  SQUID 
detector  from  the  corrosive  environment.  '^"^'^UID  Pie^it-np  coi  s  y^re  oc 
about  3  mm  above  the  plastic  film.  Thus,  the  distance  beween  *e  p.c  P 

coils  and  the  sample  was  about  5  mm.  For  tests  descnbed  m  Figure  lb  a  large  plate 

s^orwaTplacedonthe  corrosion  cell,  which  had  an  45  mm  diameter  am 
exposed  to  the  solution,  but  on  the  bottom  side  of  the  plate  on  the  side  °PPo 
from  the  SQUID  magnetometer.  For  this  test,  the  SQUID  pick-up  coils  were 
"4  ^Tove  the  top  sample  surface.  All  alununum  alloy  plates  used  in  Ae 
e  B  were  1.5  mm  thick.  It  should  also  be  noted  that  the  SQLfiD  measures  only  the 
vertical  component  of  the  magnetic  field,  normal  to  the  corroding  surface. 


a)  b) 

Figure  1.  Schematic  diagrams  of  the  active  in-situ  corrosion  test  systems;  a)  The  sample  is  placed  in  a 
corrosion  cell  so  that  the  top  surface  is  2  mm  below  the  solution  surface;  b)  a  large  plate  sample 
which  has  a  45  mm  diameter  area  exposed  to  the  solution  at  the  bottom  side  of  the  plate,  i.e.,  on  the 
side  away  from  the  SQUID  magnetometer. 

The  X-Y  scanning  of  the  corrosion  cell  was  computer  controlled.  The 
scanning  area  was  larger  than  the  sample  for  all  tests.  The  scanning  rate  in  x- 
direction  was  20  mm/s,  and  the  orthogonal  step  in  y-direction  after  each  scan  was  1 
mm  or  3  mm.  The  data  acquisition  rate  was  4  points  per  mm  in  the  x-direction.  The 
magnetic  field  distribution  for  the  sample  was  measured  as  a  ftmction  of  time  by  the 
SOIJTD  rnapnptnmeter  For  each  test  the  mapnetic  field  distribution  for  the  sample 
in  air,  without  the  corrosive  environment,  was  also  measured  before  and  after  the 
sample  was  exposed  to  the  solution. 

3.  Experimental  Results 

3.1.  Magnetic  Field  Measured  by  SQUID  Duri  ig  Active  Corrosion  of 
Aluminum  Alloys  in  the  Test  Described  by  Figure  la 
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3  1.1.  Magnetic  Field  Measured  by  SQUID  on  7075  and  2024  Aluminum  AUoys 
Undergoing  Pitting  and/or  Intergranular  Corrosion 

Figure  2a-2c  show  typical  magnetic  field  distributions  detected  by  the  SQUID 
near  th^e  of  active^  corroding  7075  aluminum  alloy  plate  m  a  soluUon  of 
3  5%  NaCl  +  50  ppm  Cu^.  The  data  shown  in  Figures  2a  and  2b  were  obtamed 
over  periods  of  25  to  43  minutes  and  205  to  223  mmutes  after  e  s^p  e  w^ 
phcedTthe  solution,  respectively,  which  is  considered  to  be  -P™ve  of  ^ 
interval  involved  in  the  initiation  of  pitting,  and  m  Figure  2c  over  the  penod  o  5 
to  293  minutes  which  are  considered  to  be  representative  of  the  time  mvolved  m 
l  lTomese  pits.  Figure  2d  shows  Che  magneuc  field  dismbuficn  over  Che 


Figure  2.  T>T3ical  magnetic  field  obmmSt)  ZJZ 

''luminum  alloy  plate  in  a  solution  ^  °  P  .  solution  (b)  in  the  time  interval 

interval  from  25  to  43  mmutes  after  the  samp  e  p  minutes'  and  (d)  in  air  after  the 

from  205  to  223  minutes,  (c)  in  the  time  mterval  from  275  to  293  mmutes,  ana  to) 

corrosion  attack. 


sample  in  the  absence  of  a  corroding  environment,  after  the  corrosion  attack.  The 
above  results  give  evidence  that  the  magnetic  fields  measured  by  the  SQUID 
magnetometer  are  due  solely  to  corrosion  current. 


Figure  3.  The  magnetic  field  as  a  function  of  time  during  active  pitting  corrosion  of  a  32x32  mm 
'075  aluminum  alloy  plate  in  a  solution  of  3.5%NaCl  50  ppm  Cu*'. 

Figures  3  and  4  show  typical  magnetic  fic'd  distributions  on  the  sample  as  a 
function  of  time  during  active  corrosion  of  7075  and  2024  aluminum  alloys, 
respectivelv,  both  in  the  same  solution  of  3.5%  NaCl  +  50  ppm  Cu^.  Such 


distributions  are  found  to  change  from  time  to  time,  and  are  believed  to  be  related  to 
the  variation  of  the  local  corrosion  current  m  the  sample. 
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Fiaure  4  The  magnetic  field  at  a  function  of  tune  durtng  aaive  conoston  of  a  32x32  mm  2024 
aluminum  alloy  plate  in  a  solution  ol  3o”'«  NaCl  .  50  ppm  Cu 

Fimire  5a  and  5b  sho»  variat.on  over  ttme  of  the  maximum  positive  and 

negative  sho  J  toT 

cta^'ri  ctoW^fferenl  for  the  tv,o  alloys.  Figures  6a  tmd  6b  show  the  variation 
of  rnfmaitmtun  positive  magnetic  field  density  with  Cu  concentratton  tor  7075 


and  2024  aluminum  alloy  respectively  during  active  corrosion  at  different  times.  It 
is  seen  that  the  difference  of  the  maximum  positive  magnetic  field  density,  as  the 
Cu""  concentration  varies  from  10  ppm  to  50  ppm,  increases  with  tune  for  7075 
aluminum  alloy,  but  decreases  with  time  for  2024  aluminum  alloy.  It  is  also  shown 
that  the  maximum  positive  magnetic  field  density  in  the  solution  wiA  50  ppm  Cu 
is  larger  than  that  in  a  solution  with  lOppm  Cu  ,  for  both  the  7075  and  2024 

aluminum  alloys. 
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a) 

Figure  5.  The  maximum  positive  and  negative  magnetic  field  density  as  a  fimction  of  time  during 
active  corrosion  of  (a)  7075  and  (b)  2024  aluminum  alloys  in  a  solution  of  3.5%  NaCl  +  50  ppm 
Cu"". 


A  typical  microstructure  for  7075  aluminum  alloy  after  corrosion  is  shown  in 
Figure  7a;  this  involved  a  cumulative  exposure  time  of  about  1440  minutes  in  3.5% 
^aCl  +  50  ppm  Cu^.  Figure  7b  shows  the  corresponding  microstructure  for  2024 
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MoTMcf  in  *e  7™5 ‘tolX  ^ 

L  the  sample,  while  the  attack  in  the  2024  duminnm  alloy  was  found  to 

mainlv  surface  attack  at  grain  boundanes  and  localized  pits. 


wnnstifiOlO  b)2024(160X) 

Pigiue  7,  4™  m— es  of  7075  and  2024  attoys  after  acftve  corrosion  .  a 

^nliition  of  3.5%NaCl  +  50  ppm  Cu  m  the  SQblD  tests. 


Figure  8,  Typical  magnetic  field  distributions  for  mTsSVo  HF,  3  ml  71»o 

aluminum  alloy  obtained  (a)  over  the  period  from  183  to  198 

Tnutes  after'the  simple  .as  placed  ,n  the  solution  ,  and  (b)  in  air  after  the  corrosion  attack  . 


2024  in  k  to^uQOd  o(  2inJ  HF.  3ml 
HNOv  irot  Ha  »ai  590  ml  HjO 


:.re  ^  The  maximum  positive  and  negative 
■ijir.eiic  field  density  as  a  function  of  time 
':ne  active  “uniform”  corrosion  of  2024 
.T.inum  alloys  in  a  solution  of  2  ml  58%  HF, 
-  HNO3,  5  ml  36.5%  HCI,  and  590  ml 


160X 

10.  Typical  microstructure  of  2024 

alloys  after  “uniform”  corrosion  in  a  Figure  11a  and  11b  show  typical 

by  the  SQUID  for  active  corrosion  or 
'-I  aluminum  alloy  plate,  which  has  an  45  mm  diameter  area  exposed  to  the 
^'iution  at  the  bottom  side  of  the  plate,  in  solutions  of  3.5%  NaCl  +  50  ppm  Cu 
-  ml  58%  HF.  3  ml  71%  HNOi,  5  ml  36.5%  HCI,  and  590  ml  H2O. 


3.1.2.  Magnetic  Field  Measured  by 
SQUID  on  2024  Aluminum 
Alloy  Undergoing  “Uniform” 
Corrosion 

Figure  8a  shows  a  typical  magnetic 
field  distribution  during  “uniform” 
corrosion  of  2024  aluminum  alloy  in 
a  solution  of  2  ml  58%  HF,  3  ml  71% 
HNO3,  5  ml  36.5%  HCI,  and  590  ml 
H2O.  Figure  8b  shows  the  lack  of  any 
magnetic  lield  distribution  over  the 
sample  in  the  absence  of  the 
corroding  environment  after  the 
corrosion  attack.  Figure  9  shows  the 
vanaiion  of  the  maximum  positive 
and  negative  magnetic  field  density 
with  time  during  “uniform”  corrosion. 
It  is  found  that  the  change  of  the 
magnetic  field  density  with  time 
differs  from  that  for  pitting  corrosion 
(Figures  5b  and  9).  The  microstruc¬ 
ture  of  2024  aluminum  alloy  after 
“uniform”  corrosion  is  shown  in 
Figure  10,  where  it  is  seen  that  the 
attack  is  “uniform”  over  the  sample 
sur^'ice. 

3.2  Magnetic  Fiela  Measured  by 
SQUID  During  Active  Corrosion 
of  .Aluminum  Alloys  in  the  Test 
Described  by  Figure  lb 


respectively.  Tile  results  give  evidence  that  the  SQUID  magnetometer  is  sensitive  to 
corrosion  activity  occurring  on  the  opposite  side  of  a  plate  specimen. 


Fivure  n  Typical  magnetic  field  distribution  measured  by  SQUID  in  the  test  descnbed  byji^e  1 
Sle  luosion  0^024  aluntmum  alloy  (a)  in  a  solution  of  3  5%  NaC  ;50  ppm  Cu  and  (b, 
in  a  solution  of  2  ml  58%  HF,  3  ml  71%  HNO3,  5  ml  36.5%  HCl,  and  590  ml  H^O. 


4.  Discussion 

4.1.  Magnetic  Field  Distribution  as  an  Indicator  of  the  Type  of  Corrosion 

It  is  seen  from  Figure  7  that  the  micro  structure  of  7075  alummum  dloy 
undergoing  pitting  corrosion  differs  from  that  of  2024  aluminum  alloy  which  shows 
pittin^interUular  corrosion.  It  is  also  seen  that  the  variation  of  the  maxmi^ 
positive  and  negative  magnetic  field  density  with  time  for  the  7075  dumin^^loy 
ta  a  solution  of  3.5%  NaCl  +  50  ppm  Cu”  (Figure  5a)  ts  very  different  fi-om  th 
results  for  2024  aluminum  alloy  in  the  identical  solution  (Figure  5b),  and  also  that 
the  variation  of  magnetic  field  density  with  time  for  2024  alummum  alloy  m  the 
“uniform’  corrosion  solt  tion  is  clearly  different  from  that  “  P®”®  sotai  n 

(Figure  5b  and  Figure  9).  These  results  give  evidence  that  the  ^  be  used 

,0  d^inguish  between  the  different  types  of  corrosion  in  7075  and  2024  alummua, 

alloys. 

4.2.  Magnetic  Field  Intensity  as  an  Indicator  of  Corrosion  Rate 

As  we  can  see  in  Figures  6a  and  6b,  the  magnetic  field  density  m  the  solution 
of  3.5%  NaCl  containing  50  ppm  Cu""  is  larger  than  that  in  the  solution  containing 
10  DPm  Cu"".  This  can  be  explained  by  the  fact  that  when  copper  ions  are  added  tc 
a  solution  containing  chloride  ions,  the  corrosion  jiotential  of  the  al.^™ 
immediately  rises  close  to  the  pitting  potential  '  .  The  reason  is  that  dissol 


Cu""  deposits  on  the  aluminum  alloy  surface  as  metallic  Cu,  which  acts  as  an 
efficient  cathode,  causing  the  corrosion  potential  of  the  aluminum  alloy  to  shift  up 
to  near  th^  pitting  potential.  The  higher  the  Cu^  concentration  in  the  solution,  the 
more  Cu  is  deposited  on  the  aluminum  alloy  surface,  and  these  cathodes  in  the 
aluminum  alloy  surface  become  more  efficient.  Figure  6a  also  shows  that  the 
increase  of  the  extrema  in  the  magnetic  field  density  with  time  for  7075  aluminum 
alloy  m  the  soluhon  with  50  ppm  Cu'^  is  much  more  rapid  than  that  in  the  solution 

with  10  ppm  Cu  .  This  parallels  the  increase  of  corrosion  current  expected  in  each 
of  these  cases. 


It  is  ^so  seen  that  the  maximum  positive  and  negative  magnetic  field 
density  for  2024  alummum  alloy  in  the  "uniform"  corrosion  solution  (Figure  9)  is 
l^ger  than  that  m  the  pitting  solution  (Figure  5b).  This  can  be  explained  by  the  fact 
that  the  corrosion  current  of  the  sample  in  the  former  solution  may  be  much  larger 
than  for  that  m  the  pitting  case,  i.e.,  the  higher  the  corrosion  current,  the  more 
mtense  is  the  magnetic  field.  The  magnetic  field  density  for  2024  aluminum  alloy 
m  the  solution  of  3.5%  NaCl  +  50  ppm  Cu^  is  larger  than  that  for  7075  aluminum 
^loy  m  the  identical  solution  for  up  to  700  minutes  after  the  samples  were  placed  in 
e  solution  (Fi^es  5a  and  5b).  This  difference  may  be  explained  by  the  fact  that 

^  involved,  so  that  different  corrosion  currents 

result.  These  facts  also  attest  to  the  feasibility  of  using  SQUID  results  to  measure 
corrosion  currents.  The  magnetic  field  distribution  as  affected  by  the  geometry  of 
the  test  sample  and  cell  was  also  studied,  and  the  results  will  be  reported  in  a  later 


5-  Conclusions 


1.  Magnetic  field  distributions  resulting  fiom  active  in-situ  corrosion  in  aluminum 
alloy  samples  can  be  measured  by  SQUID  magnetometry. 

•  The  variation  of  maximum  positive  and  negative  magnetic  field  density  with  time 
IS  clearly  different  for  the  three  types  of  active  in-situ  corrosion  studied,  allowing 

one  to  use  SQUID  magnetometry  as  an  indicator  of  the  type  of  corrosion  that  is 
actively  mvolved. 

3.  The  magnetic  field  density  is  an  indicator  of  the  magnitude  of  active  in-situ 
corrosion  occurring  in  the  specimen. 

4.  The  SQUID  magnetometer  is  sensitive  to  corrosion  activity  occurring  on  the 
opposite  side  of  a  plate  specimen. 
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